[1] We use a global aerosol microphysics model to predict the contribution of boundary layer (BL) particle formation to regional and global distributions of cloud condensation nuclei (CCN). Including an observationally derived particle formation scheme, where the formation rate of molecular clusters is proportional to gas-phase sulfuric acid to the power one, improves modeled particle size distribution and total particle number concentration at three continental sites in Europe. Particle formation increases springtime BL global mean CCN (0.2% supersaturation) concentrations by 3 -20% and CCN (1%) by 5 -50%. Uncertainties in particle formation and growth rates must be reduced before the accuracy of these predictions can be improved. These results demonstrate the potential importance of BL particle formation as a global source of CCN. 
Introduction
[2] Aerosols absorb and scatter radiation and influence the properties of clouds through a subset of the aerosol population, which act as cloud condensation nuclei (CCN). Both primary and secondary (nucleated) aerosol particles are potential sources of CCN number, but the relative contribution of each to regional and global CCN is unknown.
[3] Boundary Layer (BL) particle formation events have been observed at many locations around the world ranging from the sub-Arctic through boreal forests to polluted industrial and coastal regions [Kulmala et al., 2004b] . Particles nucleated at nanometer sizes must undergo considerable growth before they can act as CCN, and the loss by various scavenging processes limits the number that grow that large [Pierce and Adams, 2007] . Nevertheless, formation events have been shown to make an important contribution to local CCN concentrations through examination of observed aerosol size distributions before and after a nucleation event [Lihavainen et al., 2003; Kerminen et al., 2005; Laaksonen et al., 2005] . Regional models have shown that particle formation (from a ternary NH 3 -H 2 SO 4 -H 2 O nucleation mechanism) can increase CCN concentrations (at 1% supersaturation) locally over parts of Europe by 40-100% and regionally by 1 -10% over a 3 day period [Sotiropoulou et al., 2006] . In Spracklen et al. [2006] we used a global aerosol model to show that nucleation events enhance total particle number concentrations in the remote continental BL by a factor of 2 -8 greater than concentrations from primary sources and upper tropospheric (UT) nucleation alone. Here, we extend this analysis to explore the contribution of BL particle formation to regional and global CCN concentrations.
Model Description
[4] We use the GLOMAP aerosol microphysics model [Spracklen et al., 2005a [Spracklen et al., , 2005b which is an extension to the TOMCAT 3-D chemical transport model [Chipperfield, 2006] . GLOMAP has a horizontal resolution of $2.8°by $2.8°, 31 vertical levels between the surface and 10 hPa and is forced by ECMWF analyses. GLOMAP includes sulfate (SU), sea-salt (SS), elemental carbon (EC) and organic carbon (OC). We treat two externally mixed distributions, each described by a two-moment sectional scheme with 20 sections spanning 3 nm to 25 mm dry diameter. One distribution, representing freshly emitted primary carbonaceous aerosol, contains OC and EC, is treated as hydrophobic and is not wet scavenged. The other distribution contains SU, SS, EC and OC, is hydrophilic and is wet scavenged. We assume that the first-stage oxidation products of monoterpenes [Guenther et al., 1995] form hydrophilic secondary organic aerosol (SOA) with a yield of 13% [Spracklen et al., 2006] . This yield is important for particle growth to CCN sizes and is increased in a sensitivity study. Hydrophobic particles age to become hydrophilic through condensation of soluble gas-phase species and coagulation with hydrophilic particles.
[5] Implementation of the nucleation scheme in GLO-MAP is described by Spracklen et al. [2006] . The formation rate of 1 nm molecular clusters is given by
where [H 2 SO 4 ] is the gas-phase sulfuric acid concentration and A is an empirical activation coefficient [Kulmala et al., 2006] . The formation rate of 3 nm particles is calculated using the expression of Kerminen and Kulmala [2002] , which takes into account loss of 1 nm clusters onto the existing particles during growth. Particles at 3 nm are added to the smallest size bin of the model. As in the work by Spracklen et al. [2006] , we restrict this mechanism to the BL and at higher levels use the binary homogeneous nucleation rate of Kulmala et al. [1998] . Evaluation of observed nucleation events suggests that A varies spatially and temporally by over an order of magnitude. In Hyytiälä, Finland (during March-April), calculated values of A varied from 3.3 Â 10 À8 s À1 to 6.0 Â 10 À6 s À1 whereas in Heidelberg, Germany (February-April), A varied from 3.2 Â 10 À6 s À1 to 3.5 Â 10 À4 s À1 [Sihto et al., 2006; Riipinen et al., 2007] . The reasons for this variability are not understood. Here, we investigate the sensitivity of CCN formation to this uncertainty by varying A between 2 Â 10 À9 s À1 and 2 Â 10 À4 s
À1
. We restrict our study to Northern Hemisphere springtime (March -May), which is the time of year for which extensive evaluation of formation events has occurred.
Results
[6] Figure 1 shows number size distributions and total particle number concentrations at 3 surface sites in Europe (Pallas, Finland [Tunved et al., 2003] ; Hyytiälä [Tunved et al., 2003] ; and Hohenpeissenberg, Germany [Birmili et al., 2003] ). Observations are from the CREATE database (http://www.nilu.no/projects/ccc/create/database.htm) recorded using Differential Mobility Particle Sizers (DMPS). At Pallas the observed size range is 7 -530 nm, Hyytiälä 3 -550 nm and Hohenpeissenberg 3 -730 nm. Model values are plotted for the same size range as the observations.
[7] The model without BL particle formation, where aerosol is from primary sources and UT nucleation, underpredicts total particle number concentration at all the sites due to an underprediction at diameters less than 100 nm. With BL particle formation the model better reproduces both the median and variability in total particle number concentrations. At Hohenpeissenberg, overprediction of the accumulation mode may be due to problems with primary particle emissions. At Pallas and Hyytiälä the model underpredicts the growth of small particles, probably due to underprediction of SOA which can contribute significantly to particle growth [Tunved et al., 2006] . The modeled size distribution at these boreal forest sites is improved (Figure 1 , red line) by increasing the SOA yield from terpenes by a factor of 5 (from 13% to 65%). The impact of uncertainty in SOA is explored below. The value of activation coefficient A that results in the best match with observations is between 2 Â 10 À7 s À1 and 2 Â 10 À6 s
À1
, consistent with values calculated from individual particle formation events [Riipinen et al., 2007] .
[8] Simulated CCN concentrations are calculated using the modeled particle dry diameter and composition and a hygroscopicity parameter, k [Petters and Kreidenweis, 2007] . We assume that the hydrophobic distribution does not contribute to CCN formation. For the hydrophilic distribution we take values of k from Petters and Kreidenweis (Figures 2a and 2b) .
[9] Two model runs, with and without BL particle formation, are used to quantify the effect of particle formation on CCN (Figures 2c and 2d) . All model runs include particle growth due to SOA. With an activation coefficient A = 2 Â 10 À6 s
, particle formation increases the global BL springtime (March -May) CCN (0.2%) concentration by 9% and CCN (1%) by 20% over concentrations predicted from primary sources and UT nucleation. CCN enhancements of 10-50% over Scandinavia and large regions of boreal Asia and larger enhancements over parts of the continental US, Australia and southern Africa are simulated. It is worth noting that the regional changes can be negative where particle formation rates are high and growth of these particles alters the condensation sink, thereby reducing the condensational growth of exist- ; green: A = 2 Â 10 À7 s À1 ; purple: A = 2 Â 10 À6 s À1 , red: A = 2 Â 10 À6 s À1 and SOA yield from monoterpenes increased from 13% to 65%). The 10th to 90th percentile variability is shown for the observations (shading) and model (vertical bars). Horizontal boxes show 5th, 50th and 95th percentiles of total particle number concentration, plotted against upper x-axis.
ing primary particles to CCN sizes (as simulated over the western US). The enhancement is temporally highly variable. For example, at Hyytiälä the mean enhancement to CCN at 0.2% (1%) supersaturation is 15% (30%) whereas the maximum enhancement is a factor 2 (3). In Hohenpeissenberg the mean enhancement is 6% (30%) and maximum enhancement is a factor of 2.5 (4). These modeled short-term enhancements are of similar magnitude to the increase in CCN observed directly after particle formation events in Finland [Lihavainen et al., 2003] .
[10] The sensitivity of predicted CCN concentrations to uncertainty in the activation coefficient A is shown in Figure 3 . Increasing A from 2 Â 10 À8 s À1 to 2 Â 10 À4 s
(approximately the observed range) increases the enhancement of CCN (0.2%) from 3 to 20% and of CCN (1%) from 5% to 50% (global mean). For A = 2 Â 10 À9 s
CCN enhancement both regionally and globally is <1%.
[11] SOA plays an important role in particle formation but the global budget is very uncertain [Goldstein and Galbally, 2007] . Our analysis of particle size distributions (Figure 1 ) suggests that in springtime at boreal forest sites, SOA needs to be increased by a factor of 5 to match observed particle growth rates. This may be due to underestimation of monoterpene emissions from boreal forests during the spring [Haapanala et al., 2007] or condensed product yields from monoterpenes may be greater than the 13% assumed here. In addition, anthropogenic organics contribute to SOA [Volkamer et al., 2006] as may isoprene [Kroll et al., 2006] . Here we make a simple evaluation of this uncertainty by increasing the yield of SOA from monoterpenes by a factor of 5 (from 13% to 65%). The vertical bars in Figure 3 show the effect of increased SOA on nucleation-derived CCN calculated as the ratio (CCN with BLN and increased SOA)/(CCN without BLN but with increased SOA). The effect is variable, resulting in increased or decreased enhancements depending on location and nucleation rate. Note that where simulated CCN enhancements with increased SOA are less than with baseline SOA, this is not a reduction in overall CCN concentrations (which always increase with increased [Hoppel, 1979] , Indian Ocean (0.23%, February -March 1998) [Cantrell et al., 2000] , southern Africa (0.3%, March-April 2001) [Ross et al., 2003] , Amazonia (0.3% and 1%, May 1999) [Roberts et al., 2003] and Korea (1%, May 2004) [Yum et al., 2005] . Ratio of simulated surface CCN concentrations with BL particle formation (activation coefficient A = 2 Â 10 À6 s
) to without at (c) 0.2% and (d) 1.0% supersaturation.
SOA), but a reduction in the enhancement to CCN due to particle formation. The effect on CCN enhancement can be quite large: over Europe and southern Finland a factor 5 increase in SOA causes a factor of 3 increase in the CCN (0.2%) enhancement due to particle formation. SOA contributes to the growth of newly formed particles, which increases the number of these particles that grow to CCN sizes, but also increases the existing aerosol condensation sink, which will act to quench formation events [Spracklen et al., 2006] . The results indicate that impact of SOA on CCN enhancement from nucleation is likely to be complex.
Implications and Conclusions
[12] Although recent progress has been made [Kulmala et al., 2007] , the mechanism behind particle formation is not fully understood. We have assumed that sulfuric acid controls the nucleation rate, as observed, and have used an empirical activation coefficient derived from two sites in Europe.
[13] The observed variability in the activation coefficient [Riipinen et al., 2007] suggests that additional factors are important that we do not account for here. We have explored the sensitivity of our results to uncertainty in the nucleation rate (within the limits derived from analyzed observations). A four-order-of-magnitude change in nucleation coefficient results in a factor of 5 -10 change in the predicted enhancement to CCN concentrations. We also explored the uncertainty due to poorly constrained SOA. Varying the SOA yield from monoterpenes by a factor of 5 leads to up to a factor of 3 change in the predicted enhancement to CCN from particle formation. Improving the estimated contribution of particle formation to CCN requires improved understanding of the factors that control particle formation and growth rates.
[14] We have shown that BL particle formation is an important global source of CCN, increasing global BL CCN (0.2%) concentrations by 3 -20% and CCN (1%) by 5-50%. Our regional monthly mean CCN enhancements of $30% are similar to those of Sotiropoulou et al. [2006] using a regional model and a different nucleation mechanism, and our localized short-term enhancements of a factor of 3 -4 are similar to the observed enhancements of Lihavainen et al. [2003] . A combination of widespread observations with regional and global models is needed to understand the variability in CCN production from nucleation. It will also be necessary to understand the role of natural ecosystems, such as boreal forests, in particle formation [Kurten et al., 2003] and potentially important climate feedbacks [Kulmala et al., 2004a] . The previously identified coupling between primary and secondary aerosol [Spracklen et al., 2006] suggests that CCN concentrations may vary non-linearly with changes in primary emissions and gas-phase aerosol precursors. To accurately account for the long term historical change in aerosol direct and indirect forcing, a better understanding and treatment of particle formation events is required. Figure 3 . Ratio of simulated BL CCN concentrations with BL particle formation to without in April 2000 at (a) 0.2% and (b) 1.0% supersaturation for a range of activation coefficients A. Global (shading) and regional (symbols) ratios are shown. Central Europe (45°-55°N, 5°-30°E): circles, Southern Finland (60°-66°N, 22°-30°E): upward triangle, Boreal Asia (55°-65°N, 80°-100°E): downward triangle. The range of CCN enhancement due to particle formation when SOA from monoterpenes is increased by a factor of 5 is shown by shading and vertical bars (see text).
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